It is well known that amyloid fibrils are associated with a lot of neurodegenerative diseases. Thus, inhibition of protein aggregation and disruption of the formed amyloid fibrils have been attractive therapeutic strategies for amyloid-associated diseases. Here, we take the widely studied protein, β-lactoglobulin (β-LG), as a model protein to study the inhibition of amyloid fibrils. Using multiple biophysical and biochemical approaches, we successfully identify that folic acid can strongly inhibit amyloid fibrils formation of β-LG in 5 M urea solution. In the presence of folic acid, both the nucleation step and elongation step of β-LG fibrillation can be affected and the suppression efficiency followed a dose depended manner. Furthermore, the studies of protein intrinsic-fluorescence and anilinonaphthalene-8-sulfonic acid (ANS) fluorescence demonstrated that the folic acid decreased the hydrophobicity of the urea-denatured β-LG and changed the conformation of β-LG. Our study provides a convenient way to inhibit the amyloid fibrils formation, which has potential help to study the mechanism of amyloid-diseases.
Introduction
Proteins perform their particular biological functions mostly depending on the correct native conformations (1) (2) (3) . However, under certain pathological conditions, some proteins may go through unfolding, misfolding, or forming insoluble amyloid fibrils which can be associated with many neurodegenerative diseases, termed as amyloidosis, such as Alzheimer's, Parkinson's and Huntington's diseases (4) (5) (6) . Thus, studying the biochemical properties of amyloid fibrils has been a fascinating area because of its contribution to understand the protein self-assembly and the pathogenesis of amyloid-diseases. Inhibition of protein aggregation and disruption of the formed amyloid fibrils has been an attractive therapeutic strategy for these amyloid-associated neurological diseases.
Since many disease-independent proteins can self-assembly into fibrils with similar structures and biochemical properties under appropriate conditions, formation of amyloid fibrils has been thought to be a common characteristic of proteins (7, 8) . Through nucleation and growth of amyloid prescursors, amyloid fibrils can be formed as long and unbranched fibrils with enhanced β-sheet structure, increased surface hydrophobicity (9, 10) . The kinetics of amyloid aggregation can be described by the lag time of nucleation phase and the growth rate of elongation phase (11) (12) (13) .
β-LG is one of the most abundant water soluble globular proteins in bovine milk whey. It has a predominantly β-sheet structure with nine stranded antiparallel β barrels change and the amyloid aggregation of β-LG. The results indicated that folic acid decreased the hydrophobic interactions between urea-denatured β-LG and inhibited the amyloid aggregation of β-LG. To our knowledge, this is the fi rst report to study the eff ect of folic acid on amyloid fi brils formation.
Materials and Methods

Chemicals
Bovine β-lactoglobulin (β-LG) was obtained from Sigma (Sigma-Aldrich Co, St. Louis, Mo) and used without purifi cation. Folic acid, Thiofl avin T, Sodium azide (NaN 3 ) and Congo Red were purchased from Sigma. All the other chemical regents used were of analytical grade and were made in China.
Fibrils formation
A stock solution of β-LG was prepared in 10 mM sodium phosphate buff er at pH 7.0. Dilution with 8 M urea in 10 mM sodium phosphate buff er resulted in solutions of 1.2 mg/mL β-LG with 5 M urea. To study the eff ect of folic acid on the fi bril formation, the desired concentrations of folic acid were added into the solutions containing 1.2 mg/mL β-LG and 5 M urea with 0.01% (w/v) sodium azide (NaN 3 ). All samples were fi rst well mixed via vortexing and then incubated at 37 o C during the course of experiments.
ThT assay
To monitor the degree of fi bril formation, 100 μL aliquots of proteins were taken at each time point and diluted 20 times with 400 μM of ThT solution in 10 mM sodium phosphate buff er (pH 7.0, fi nal ThT concentration 20 μM). ThT fl uorescence intensity measurements were performed by exciting samples at 450 nm with slit-width of 5 nm and recording emission intensity at 485 nm with slit-width of 5 nm using a Hitachi F-4600 Florescence Spectrophotometer. All measurements were taken in triplicate. The data from ThT fl uorescence measurements were fi tted against sigmoidal curves described by the following equation. Where I is the fl uorescence intensity at time t, t represents incubation time and t 0 represents the time reach 50% of maximal fl uorescence, and I 0 +m i t and I f +m f t represent the initial baselines and the fi nal plateau line, respectively. Thus, the apparent rate constant, k app , for the growth of fibrils is given by τ / 1 and the lag time is given by τ 2 0 − t (17) .
Congo Red binding assay
A stock solution of 200 μM CR was prepared in 10 mM sodium phosphate solution (pH 7.0). CR absorbance of β-LG samples and the free dye control were determined by adding CR to a fi nal concentration of 20 μM and acquiring spectral measurements from 400 to 700 nm at 37 o C on an ultraviolet-visible spectrometer (Shimadzu UV-1800, Japan). The β-LG solutions in the absence and presence of folic acid and the control solutions were allowed to interact with CR for at least 30 min in the dark before recording the absorbance spectra. All measurements were taken in triplicate.
Transmission electron microscopy
A 5 μL aliquot of samples prepared as described above was placed on formvar-coated copper grids and left at room temperature for 5 min. The grids were stained with 2% (w/v) phosphotungstic acid solution for another 1min before examination using an H-7650 transmission electron microscopy (Hitachi, Tokyo, Japan) operating at accelerating voltages of 80 kV.
Intrinsic fl uorescence spectroscopy
A total of 40 μL of 5 mg/ml β-LG samples with various concentrations of folic acid was mixed with 960 μL sodium phosphate and the intrinsic fl uorescence spectra were monitored with F-4600 Fluorescence Specrtophotometer (Hitachi, Japan) using a quartz cuvette with a path length of 1cm. The emission spectra were recorded between 300 and 450 nm by exciting the samples at 280 nm.
ANS fl uorescence spectra
A total of 50 μL of β-LG sample solution was mixed with 950 μL of 20 μM ANS in sodium phosphate buff er. ANS fl uorescence spectra were made on an F-4600 Fluorescence Specrtophotometer using 1 cm light path quartz cuvette. A slit width of 2.5 nm was used on both excitation and emission wavelengths, respectively. The emission intensity was measured between 400 and 600 nm by exciting at 380 nm. The fl uorescence of the solvent was subtracted and all measurements were taken in triplicate.
Results
Eff ect of folic acid on amyloid fi brillogenesis of β-LG
To verify the eff ect of folic acid on amyloid fi brillization of β-LG, we employed the commonly used ThT fl uorescence assay. ThT as an extrinsic fl uorescent dye has been widely used to study the formation kinetics of amyloid fi brils. Upon binding to amyloid fi brils, its fl uorescence intensity increases (23) (24) (25) . To investigate the infl uence of folic acid on the amyloid fi brils formation of β-LG, we added folic acid into the β-LG solutions with 5 M urea and monitored the changes of ThT fl uorescence emission. As shown in Figure 2 , samples containing freshly-prepared β-LG with 5 M urea displayed low ThT fl uorescence at the beginning of incubation, indicating the lack of amyloid fi brils in these samples. Upon further incubation at 37 o C, a dramatic increase in ThT fl uorescence emission was observed during 10-12 days, suggesting the formation of β-LG amyloid fi brils with 5 M urea in the absence of folic acid, which was consistent with the previous results. The kinetic curves of ThT fluorescence intensity were consistent with a nucleation-dependent polymerization model in which the lag corresponded to the nucleation phase and the exponential part to elongation phase (fibril growth) (26) . However, upon co-incubation with 10 μM folic acid in 5 M urea solution, the lag time of fibrillation was increased from 12 to 14 days, accompanied by a remarkable decline of the maximum ThT fluorescence intensity. Specifically, no enhancement of ThT fluorescence intensity was observed for β-LG solution in the presence of 40 μM folic acid at pH 7.0 even incubated for 50 days (supporting information figure S1). Control experiments showed that the reduced ThT fluorescence was not due to the interactions between ThT and folic acid (supporting information figure S2 ). Thus, the results demonstrate that folic acid has the inhibitory effect on amyloid fibril formation of β-LG and the inhibitory effect is dependent on the concentrations of folic acid.
To understand the influence of folic acid on the amyloid formation kinetics of β-LG in detail, we quantitatively analyzed the obtained ThT fluorescence data using a nucleation-dependent polymerization model. This model is described by a sigmoidal curve with two key parameters, the growth rate constant and the lag time. The values of growth rate constant and the lag time for β-LG samples containing various folic acid concentrations were determined and listed in Table 1 . The growth rate of fibrilization of β-LG was slowed down as well as the lag time was increased in the presence of folic acid at the concentrations from 10 to 30 μM demonstrating that folic acid could affect both the nucleation step and the elongation step to prolong the amyloid fibrils formation of β-LG in urea solution. The results also demonstrated that folic acid prolongs amyloid fibrils formation. Furthermore, the final amount of amyloid fibrils in the presence folic acid was monitored by the ThT end-point fluorescence intensity. Figure 2 showed that the ThT end-point fluorescence intensity was gradually decreased as the concentration of folic acid increased. Taken together, these results demonstrated that folic acid could delay the amyloid fibrils formation of β-LG and inhibit the production of the final amyloid species. Furthermore, IC 50 , defined by the concentration at which half of ThT fluorescence intensity reduced, was used to present the effectiveness of folic acid in inhibiting β-LG fibrillation. According to an analysis of a dose-dependent curve shown in Figure 2B , IC 50 of folic acid was determined to be 22 μM.
CR absorbance spectroscopy has been widely used to probe the presence of amyloid fibrils (27, 28) . To further explore whether folic acid can exert an inhibitory effect on the formation of β-LG fibrils, samples were also analyzed by using the CR binding assay. There's an absorption maximum at 490 nm for the samples without fibrils. However, after incubated in 5 M urea without folic acid for 12 days, the β-LG solution's absorption maximum shifted higher to 504 nm (Figure 3 ). Simultaneously, a second shoulder peak at 540 nm became visible indicating the presence of fibrils. In contrast, in the presence of 40 μM folic acid, no change of the maximum absorption of CR was observed for β-LG at pH 7.0 and the absorption spectrum of β-LG+CR was almost the same as that of CR alone, further supporting the results of ThT binding assay.
To further confirm the results obtained from previous sections, the morphological studies of the end-point products of different β-LG samples in urea solution were measured by TEM. As shown in Figure 4A , in the absence of folic acid the mature β-LG fibrils showed typical amyloid morphology, characterized by long, smooth and partly bundled fibrils with diameters ranging from 5 to 20 nm and several micrometers in length. However, incubation of β-LG with 10 and 20 μM folic acid led to marked attenuation of β-LG fibrillogenesis as shown in Figure  4B and Figure 4C , respectively. And no amyloid fibrils were observed when the concentration of folic acid up to 40 μM ( Figure 4D ) indicating that amyloid fibrillation of β-LG was completely inhibited by folic acid, which was consistent with ThT data.
Our TEM findings allowed us to conclude that folic acid would serve as a potential molecule with inhibitory properties against β-LG fibrillation. Combining with our ThT fluorescence results, it was found that the suppressing effect of folic acid on β-LG fibril formation at 37 o C followed a dose-dependent manner.
Effect of folic acid on tertiary structure of β-LG
Owing to the high sensitivity to the conformational state of proteins, intrinsic fluorescence is a very useful tool for obtaining conformational information about proteins (29, 30) . To characterize the effect of folic acid on the conformation of β-LG, intrinsic fluorescence emission spectra were used to monitor the conformational changes of β-LG in the absence and presence of folic acid. Figure  5A showed fluorescence emission spectra of the protein samples with different concentrations of folic acid. We observed that intrinsic fluorescence of partly unfolded β-LG decreased along with a red shift as the concentrations of folic acid increased. This indicated an increase change of polar environment around tryptophan residues. It demonstrated that folic acid changed the tertiary structure of partly unfolded β-LG, which may further inhibit the formation of amyloid fibrils.
Alteration in the hydrophobic exposure of β-LG in the presence of folic acid
Hydrophobic interactions have been thought to act very important roles for amyloid fibrils formation. ANS is a hydrophobic marker that exhibits unique fluorescence along with a notable blue shift upon binding to the hydrophobic regions of proteins (31) (32) (33) . Thus, ANS has been widely used for the detection of hydrophobic regions of proteins. Figure 5B showed the ANS fluorescence spectra of denaturant-induced hydrophobic exposure of β-LG. In the absence of folic acid, the denaturant-induced hydrophobic exposure of β-LG showed very high ANS fluorescence intensity at 485 nm. The increase of fluorescence intensity may be attributed to more access of ANS to the hydrophobic portion presenting in protein upon denaturation. The increasing interactions between protein molecules induced by these hydrophobic patches led to the amyloid aggregation of β-LG. But in the presence of folic acid, the observation of significant decrease of ANS fluorescence intensity indicated the loss of ANS binding sites. Gradual decrease of emission maximum of ANS fluorescence intensity has a marginal red shifting in the presence of folic acid, which suggested that the interactions between β-LG and folic acid decreased the solvent-exposed hydrophobic regions of partially unfolded β-LG.
Discussion
The transformation of soluble protein into insoluble fibrillar structure, commonly known as amyloid fibrils has been investigated for many globular proteins. These studies showed that many globular proteins can self-assemble into amyloid fibrils under harsh conditions, such as high temperature, low pH, or the presence of denaturants (34) . Such amyloid aggregation was tied to many fatal diseases, such as Alzheimer's and Parkinson's diseases. Due to the increasing serious impacts of amyloid diseases on the aging population of the world, a wide range of strategies for the prevention or treatment of these diseases has been actively explored. One of the most attractive therapeutics options is to search small molecules which can prevent the accumulation-prone species by inhibiting the amyloid formation. Thus, studying the effect of small molecule inhibitors on the amyloid formation is of significance for understanding the mechanism of aggregation and preventing the amyloid-disease (35) (36) (37) (38) .
The binding between folci acid and β-LG has been widely studied. Remarkablly, Liang et al. concluded that folic acid binds to the surface hydrophobic pocket in the groove between the helix and the β-barrel of β-LG by comparing the binding between the rentiol and β-LG in phosphate buffer. The binding between folic acid and β-LG increased folic acid photostability and prevented folic acid photodegradation (21) . In this work, we studied the effect of folic acid on the amyloid formation of β-LG. The results of current study clearly showed that the binding between folic acid and β-LG increased the lag time and reduced the amounts of β-LG fibrils. Thus, the folic acid had the inhibitory effect on the amyloid formation of β-LG. In addition, we also investigated the effect of folic acid on the conformation and hydrophobicity of urea-denatured β-LG. The results showed that folic acid significantly quenched the tryptophan fluorescence and decreased the hydrophobility of β-LG in the presence of 5M urea. Since the influence of folic acid on β-LG is similar, we speculated that the binding sites between folic acid and β-LG are identical in the absence and presence of 5M urea. It has been demonstrated that hydrophobic interactions play an important role during the amyloid fibrils formation (39) . Based on these results, we proposed that the decreasing proportion of the partially folded β-LG and the intermolecular association between such partially folded species was the major factor for inhibiting the formation of amyloid fibrils.
In conclusion, via multiple biophysical and biochemical approaches, we demonstrated that folic acid had an inhibitory effect on β-LG fibrillation. The kinetics of fibril nuclear and extension varied in the presence folic acid in a dose-dependent manner. The inhibitory effect of the amyloid aggregation was due to the decreasing of the hydrophobic interactions between partially folded species of β-LG when incubated with folic acid. This study is of significance for understanding the molecular mechanism of protein aggregation and amyloid-diseases.
